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FORE WORD 

This document i s  the North American Aviation 
(NAA) Inc., Technical Proposal for Availability Exten- 
sion Studies a s  a Means of Extending the Useful Life 
of the Apollo Spacecraft. It i s  presented by NAA's 
Space and Information Systems Division (SLID) to the 
National Aeronautics and Space Administration 
(NASA) Manned Spacecraft Center, Advanced Space- 
craft  Technology Division. It is an unsolicited 
response to a recognized need for an immediate study 
of the Apollo extended mission reliability/ 
maintainability question. 

The Cost and Contractual Proposal is submitted 
under separate cover. 
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r ,  , . 1.0 INTRODUCTION 

, --.-; 
, - . y a. 5, * The requirement for reasonable asa 

.. _. . . .capability 'ro successfully meet the ejrtended missions reliabirity proble 
' 

presented, by future AES and planetary exploration, hrp created a ne& 
design/operational concept which will produce the required assurancS 
will be realistic and acceptable to al l  pha 
The 'In0 -failure -alLowedl1 approach toward miss  ion assurance is simpt 
unrealistic for very long missions, a t  least within reasonable funding 
restraints 'an& anticipated development cycles. The demand for a prac 
workable, long-mission-duration mann 
need for concepts of design which lean he 
and machine in al l  facets of their joint capabilities. This, of necesei 
includes man in the role of a maintenance expert, and a s  a trauble an 
pating sensor, a backup operation, a backup computer, and perhaps 
other functions as yet undefined. A de 
the Capabilities of the man-machine com 
assurance in  misaion performance is c l  
more  than three-month duration can be safely undertaken. Such an a 
i s  embodied in the Availability Concept. 

The Availability Concept, develo 
Systems Divieion (S&I D) for application t 
analytical technique which tends toward 
relationship, assuring at least the required operational availability of 
critical functions within the constraints imposed by the crew and micaad 

w 
commitment s. 

I 

In regard to the maintenance aspect of the problem, studies conducteit' , ,; .- 
at  S&ID have indicated that man probably can perform the majority of the 
required activities in the space environment given modest but adequate - - 3 -7 -A - 

- 
preparation. Indications a r e  that the work load probably will not exceed 
one unscheduled maintenance action in a one-week period, and further, ++ - 4 - .  
these requirements can be identified with a reasonable degree of accuracy. =s 
Th% uncertainty factor imposes a small weight penalty on the spares 

-1 - c -  - 
w 

Although the Apollo spacecraft was not speci y designed to 
U i l i t a t e  maintenance, i t  does permit a certain amount and that which it 

T-?-- permits can safely provide an increaee in the mission duration by factorsa 

E of 2 to 10 with little change in the basic design. The exact capabilities a 
unkpown and this document proposes to explore the possibility. 



S&ID herein proposes a three-phase study which eventually will l e a c  
to  an optimized design for  the Apollo Extended Mission requirement.  The 
th ree  phases are: 

Phase I - Determine what can be done to  extend the Apollo 
Block I1 safe mission life without imposing any sys tem 
design changes. The resu l t s  a r e  to  be expressed  in 
t e r m s  of safe life, spa res ,  and operating procedures, ,  
for miss ions  of up to  three-months '  duration. 

Phase  11 - Extend the Phase I studies to  include mission 
durations of s ix  months, but consider the inclusion 
of minor design changes such a s  improvements to  , - 

and additions of access  panels, fasteners ,  and 
plumbing and connectors (perhaps minor relocation 
of cr i t ieal  assemblies) .  

Phase 111 - Extend the Phase I /Phase  I1 studies to include 
missions of up to one-year duration, considerin 
m o r e  extensive redesign of sys tems layout o r  

will be on optimal use  of maintenance without 
packaging to provide for maintenance. The accent I 

I 

redesign of components, that i s ,  by improving 
packing concept. 

analysis,  and ergonomics.  In addition, these engineers will be ass i s ted  by 
consultants f rom the Apollo project,  the AES team,  and other  a r e a s  of NAA. 
North American Aviation considers the subject effort fundamental to the 
advancement of the overall  U.S. space program, and a s  such will take all 
s teps necessary  to provide the management and technical resources  
necessary  to a s s u r e  meaningful study resu l t s .  

This proposal is presented in two parts :  this document, the tech- A 

roposal; and, under separa te  cover ,  the cost and contractual proposal!, 
he detailed task descriptions presented cover the Phase I effort. The 
emaining two phases w.ill be planned in more  detail during the la t te r  t a r k s  

, and the second phase will require  a very modest eff 
r eco lmmended  here in  could be accomplished in conju 

Applications Study and not add appreciably to  the cost 
- I . .  



2 . 0  BACKGROUND 

m 2.1 THE GENERAL PROBLEM 
- * 

^ .  
A '  

: * b  . " -2- - 
w - " ~ G ' ~  During the past two years. SLID has been engaged in the study u 

reliability problems associated with extendea manned space travel. b 
of the work has been accomplished under the sponsorship of the NASA 
tracts ,  The Manned Mars Landing and Return Study, NAS2 -1408; and t 
Manned Mars and/or Venus Flyby Study, NAS9-3499. In addition, S&l 
continued these efforts through company-sponsored etudies . These, i 
conjunction with the Apollo program and AES studies, have provided a 
of data on the reliability/crew safety aspect8 oi manned spaceflight prl 

Study results indicate that for missions in excess of about 45 da! 
i t  becomes increasingly impractical to attempt design of a spacecraft 
maintenance-free operations. This situation probably will prevail for 

- least a decade. The practical mission limits for a pure reliability or  
- c I=; nonmaintainable design for a manned spacecraft have not yet been deter 

mined. It is certain that the useful life would vary with the mission profid 
and objectives; much can be gained from proper control of these factors:. 
It is obvious, however, that as  missions a r e  extended in duration and tb 
abort profile becomes more complex and time consuming, a point will be 
reached where adding redundancy no longer will compensate for  potenti&] 
failures but rather add to the overall failure hazard. It is then that maiq 
tenance must be considered as  a more reasonable alternative. Thia can 
be demonstrated theoretically by the use of the estimator for mission 
reliability (R) or  the probability of no failure in a typical state-of-the-ari 
spacecraft. 

R = e  
-t/M 

where: 

t = mission duration or duty cycle 

M = ~ e a n  Time Before Failure o r  MTBF 
I - , r 



. . 
.< . 

The typical s ta te  of the art spacecraft  MTBF is estimated to be aboul 
2800 hours.  Now, a s sume  that the mission duration i s  about 400 hours.  

? .  

Without Any repa i r  the p ~ o b a b i l i t y  of mission success  (no fai lure)  is only: C . a . d  

L I 1. = 0. 870 - 
By ma  zng jus one i t  is increased to a t  l eas t  

R = 0 . 9 3 3  a t  the lower bound 

and could be a s  high as 0.99 depending on the assumed distribution and/or  
! how the provision for  the repa i r  was implemented. Adding provisions for  .A one m o r e  r epa i r  ( in  the cr i t ical  sys tem) ,  o r  a total of two, r a i s e s  the lowe 

bound est imate for  mission reliability (R)  to  more  than 0.99. These data 

. i! indicate that providing fo r  maintenance for  the longer missions possesses  
I a very attractive potential f o r  increasing probability of mission success .  
I Fur ther ,  this i s  one case  where the mathematics present  a ve ry  conserva-  

tive pic/ture of the actual gains derived. This effect is dramatically shown 
in Figure 1 which presents  an est imate of mission reliability a s  a function 
of mission duration and spa res  application. The lower curve,  the baseline 
spacecraft ,  i s  representat ive of the la test  AES reliabili ty est imates  der ived 
from Apollo data. The curves above the base  spacecraf t  represent  the e f f e e 4  
of adding one spa re  to the previous s ta te  for replacement of a cr i t ical  corn- 

I 

ponent in the l is ted system. .Note that only th ree  s p a r e s  have produced a 
marked effect on mission reliability, 

The effects of sparing on crew survival probability a r e  not a s  dramati* 
for  the ear th  orbital  missions;  however, for  the extended lunar and planetarv 
missions,  the r e su l t s  of sparing a r e  essentially the same  as shown for  
mission success .  This condition prevails because of the abor t  c r i t e r i a  
applied to the Apollo missions and the very high initial probability of crc 
survival.  But, a s  the missions a r e  extended iri distance away f rom the 
ear th ,  the abor t  t ime delay exerc ises  an increasingly more  significant 
influence on the survival charac ter i s t ics  of a nonmaintainable design. 

There  is, of course ,  nothing new about maintenance. It has bec 
done fo r  yea r s ,  although usually in spite of the design, r a the r  than as 
resul t  of designing f o r  maintenance. Figure 2 presents  an a s sess r  

contrast  in maintenance t ime required on a typical commu 
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Figure 2. Effect of Design and Training on Maintainability 

The problem that confronts the spacecraf t  designer i s  twofold: 
(1)  determining how to deal with the problems of maintainability in the 

with reasonable assurance ,  what will fail  and when. 
space environment without adversely affecting the c rew;  and ( 2 )  establishing, 

As a r e su l t  of analysis conducted by S&ID during the referenced 
planetary studies,  a mission and sys tems requirements  analysis technique, 
the Availability Concept, has  been developed and successfully applied to 
these problems. An extension of these efforts i s  proposed herein. 

THE APOLLO EXTENSIONS PROBLEM 

Yith the advent of the extended mission (more than 45 days 
iability, liesion success, and crew 
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Figure 3. The Effects of Space-Imposed W~rking Conditions on Task . 

identifying just where it  i s  either necessary o r  desirable to revert  to 
planned maintenance program, The answer must be in t e rms  of a pr  

scientific and other non-crew-critical functions a r e  not included. A 
study is  required to determine the exact relationships among the varzo 
categories of specific mission objectives. 

The advantages of redundant design have been explored by 

. . . . .  
. . . - - - - - -  . . 



I 
0.0 1 1 I I -- 

0 1000 2000' 3000 4000 5000 6000 7000 8000 9000 10,m 
1 YEAR 

MISSION DURATION (HRS)- 

Figure 4. Projected Spacecraft and System Reliability a s  a Function 
of Mission Duration 

SYSTEM 
1970 TECHNOLOGY 



the problem in qualitative form; adding redundancy, active or passive, 
beyond the optimum reduces the ultimate overall mission reliability 
beca.uoa .of the associated increase in power requirements, complexity, - 

monitoring, wire in, switching, and control requiremen&. 

A s  indicated previously, the number of maintenance actions expec 
. a re  not excessive and the time constraints a.re within the astronauts' ca  

bilities. Figure 6 presents a gross estimate of the number of unschedu 
vehicle systems maintenance actions expected as  a function of mission 
duration. During the proposed study this will be refined and will encom 
various classes of missions. The estimate indicates that for more tha 
95 percent of the missions, there will be less than one unscheduled rep 
action 'required in any seven-day period after the initial phases of the 
mission. 

CONFIDENCE IN 
THE ESTIMATE OF 





' . . '3.0 WINTENAN CE CON CEPT FOR APOLU 
AVAILABIbITY CONCEPT I 

3.1 THE CONCEPT 

Recognition of the high probability of failures on the long space mist 
and the understanding of the need to learn to live with them seem essenti 
to a successful exploration program. But this does not constitute a r ea s  
to postpone the extended missions. The possibility of failure does not mi 
ipso facto, mission catastrophe. Consider the results of our space pro- 
grams to date -the many failures with no crew loss. Realization of this 
important fact led S&ID to the development and application of the Avai1abilEm:'- 
Concept. . 7 li 

* 

By definition, the Availability Concept i s  a designlmission analysis 'I 
. i3 

technique that facilitates the determination of an optimum man-machine 
relationship. With this technique,. mission effectiveness i s  maximized --I. - 4 - 1 

through establishment of a safe and reasonable balance between system a& I 
mis sion performance , reliability, and maintainability. Application of this! 
concept can result in a design which provides maximum operational avail 4 
ability of the system functions within the constraints imposed by crew 4 

capabilities, mission requirements, and the existing state of the art .  .< 
- 'L 

The difference between the availability concept, when applied to  a 
systemlmis sion design, and the "reliability-by -redundancy '! approach i s  
demonstrated by the two curves contrasted in Figure 7. The ordinates R 
and A both express the probability of mission success. However, the 
ordinate A i s  independent of time but depe'ndent on maintenan 
the downtime constraints. In the situations portrayed, the mission time 
approaches, o r  is in excess of, the system MTBF. Note th  
reliability approach, the longer the mis sion duration, the more  probable 
failure becomes with the result that the longer missions a r e  doomed to 
almost certain failure. With the availability design, there 
change found in the probability of mission success within the mission dur 
indicated. This remains true as  long as  the spares level i s  adequate and 
imposed time constraints can be accepted. 

- w 

- 

I-- I - - - - - - - 
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Figure 7. Reliability Concept vs .  Availability Concept 
for Long Missions 

3 . 2  APPLICATION CONSTRAINTS 

3 .  2.  1 Svstems Downtime Constraints 

One of the m o s t  cr i t ical  problems to be solved, or bounded, is the 
tolerability of a mission system to fai lure .  F i r s t ,  i t  must  be shown that 
any probable fai lure  in the system will not r e su l t  in immediate loss  of 
crew o r  mission and, second, that there i s  sufficient t ime to make a 
repa i r  before the failure does resu l t  in loss  of crew or  mission. 

There  a r e  two cr i t ical  categories  of constraints imposed on the 
spacecraf t  sys tems.  Each of these systems must  be evaluated under the&? 
constraints and in t e r m s  of the functions provided. The cr i t ical  constraints 4 

1 
will be imposed e i ther  by crew physical requirements  o r  by spacecraf t  

requirements.  Noncritical c l a s ses  a r e  imposed by c r s  
nlogical requirements  o r  scientific support systems.  

- - 
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SPACE and INFORM 

The analysis of mission constraint$ on failure duration, as imposed 
by any specific sys tem function, usually reveals  a very noncritical situati 
because o f the  multiple redundancy within, as well as between, systems. 
This is particularly true when man is treated a s  a system. For example, 
i f  all  the power were out, he could manually feed 0 2  into the cabin or his 
suit and purge i t  periodically for quite some time, or he could use hi*' back: 
pack. Functional backup, external to a given system, i s  sometimes avail-.' 
able, but should not be considered under the downtime constraint analysis, 
since a design action may later eliminate the advantage, 1 

1 
This leads to the definition: A downtime constraint or  maintenance 

time constraint (MTC) i s  a restriction imposed on the total allowable 
elapsed time that a system function can be out of service before a situatioE18 
i s  created that would be deleterious to either crew performance or the 
mission. 

Figure 8 presents a sample functional diagram of a typical environ- 
mental and life support system to demonstrate the origin of some of the 
crew -induced constraints. Crew requirements a r e  divided into inputs and . 
outputs which may be regarded apart  from the mission, but must  be con- 
sidered in conjunction with a spacecraft design, or at  least a specified 
cabin size, since some of these a r e  a function of the ratio of volume to 
number of men. 

The determination of crew-induced constraints may proceed a s  
follows: 

1. List all  of the isolatable functions provided by the system. 
The further along a system i s  in the development cycle, 
the more  detail the analysis should reflect. 

2. For  each function, determine the MTC using the definition 
previously given. Usually it will be found that there is  no 
sharp line of demarcation, but rather a gradual degradation 
in some performance parameters. For example, the COQ 
removal function may be "down" (inoperative) until the 
concentration reaches a partial pressure of about 8 mm of 
Hg, where the concentration may cause headaches, but even 
after that the crew will continue to function for many hours 
at  reduced performance. World War I1 submarine data 

- support this observation. 

As another example, consider the spacecraft stabilitv-cont 
rystem. If it  were completely inope 
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it could take up to eight hours before spacecraft .tumbling wou 
become objectionable. Even after that, maintenance could 
probably be perfoymed in spite of the . 
 he& possible and applicable, it is desirable t o  se t  two 
constraints - one for degraded performance and one for 
catastrophe . . . 

- Table 3 presents some sampte constraints resulting frofn the analysis 
of a typical ECLSS at  the level shown in Figure 8, 

3. 2. 2 Profile -Induced Constraints 

MTCts also a r e  influenced by the selected mission profile. They 
result from the need to perform some action a t  a specific point in time, f 

, i. e . ,  they a r e  non-deferrable. MTCts will vary  considerably with the 
specific mission profile, and therefore they present some useful arguments 
for selecting the least  complex mission profile. It i s  evident that the less  I - a spacecraft i s  expected to do during a mission, the more reliable (numer. 
cally speaking) the mission will be. It  follows that the lower the number - 
and the shorter the duration of programmed operations o r  maneuvers, the 7 

less  restrictive the induced downtime constraints will be. 

Figure 9 contrasts a simplified, typical planetary o r  lunar -landing 
mission profile with the flyby profile. It is estimated that a typical flyby 

- 

profile requires no more than 16 discrete major spacecraft operations, 
whereas the landing missions, using rendezvous techniques, require a t  
least  38 operations of a similar magnitude. Since this analysis i s  epecifi- 

can be determined a s  follows: 
cally concerned with downtime restrictions, these operational 

1. List each operation required in chronological order (time line . 
profile ) . 

2 .  Determine the spacecraft subsystem/functions require 
each operation listed. 

3.  Determine if the total operation i s  deferrable and establis 
the time boundary - in parametric form where required 
( i . e . ,  for A V ,  time vs. fuel). 



Table 1 .  Sample Downtime Constraint nnalysi s, Environmental 

and minimum 

Cabin temperature control 8 minimum 

Suit hose connection Normally none, 0. 5 
in emergency irements, back 

Cabin heat exchanger 
24 maximum 
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r - The analysis of the flyby profile data demonstrates  that, for  this  
F o f i l e ,  the only cr i t ica l  phase is ea r th  approach and reent ry  which l a s t s  
for  no m o r e  than about two hours.  A simple reliabili ty calculation, using 
the most  pessimiet ic  approach, would revea l  a v e r y  high probability of no 
failure-during this  period, providing the sys t ems  a r e  checked and 
operating pr ior  to  phase entry.  

3 . 2 . 3  Spares  Weight/Volume Limitations - 
Since it has  been established that there is m o r e  than reasonable degree 

of probability that sys tems and the function they provide will fail during the 
longer missions,  spa res  mus t  be c a r r i e d  to  facilitate repa i r .  In opposition 
to this requirement  is the ever -present  objective of minimizing overall  
weight andlor  volume. F o r  long space missions,  the number of s p a r e s  
c a r r i e d  direct ly  affects the level of c rew safety. Figure 10 presents  a s e t  
of curves expressing the relationship of mission success  and crew safety 
a s  a function of s p a r e s  weight c a r r i e d  and r i s k  for  typical miss ions  of one- 
year  duration. Note that the differences between the mission success  and 
crew safety curves a r e  due to the requirement  to service such auxiliary 
equipment a s  the scientific instrumentation and TV system. 

During the ea r ly  days of the Apollo project  and pr ior  to  the incorpora- 
tion of redundancy, it was est imated that up to a hundred pounds of s p a r e s  
might be required to r a i s e  the reliabili ty prediction to the objective for  a 
400-hour lunar flight. A la te r  study showed that an additional 300 pounds 
were  required to r a i s e  the. same sys tems to a reasonable level for  a 120-daym 
ear th  orbi t  mission. The referenced planetary studies demonstrated that 
about 1000 pounds of s p a r e s  might be required for  mission assurance  of a 
typical one -year mission using a maintainable version of the Apollo design. 

3 .  2 . 4  Astronaut Maintenance Capability 

Since r e p a i r s  must  be made, a t  l eas t  one astronaut must  be capable . of performing the repa i r .  This implies a training program in anticipation 
of these specific events and an est imate of the kinds of r epa i r s  to  be made. 
This mayes,eem a mos t  difficult problem, but a close examination of the 
Availability Concept reveals  a possible approach. It i s  based on the 
premise  that as tronauts  cannot repa i r  o r  replace any equipment f o r  
which they do not have spa res  and they need be trained only to implement 
the chosen spares .  This practical l imit  a s s u r e s  maximum possible contri-  . 
bution to the probability of survival without saturating the astronaut  with 

- - -  
7 - - 
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Figure 10. Estimated Spare Weight for a One-Year Mission 

particularly through the radio or  television links. In any event, the n 
and kinds of documentation required to implement the usual mainten 
will not be required. In addition, the diagnostic routines will be far less  
complicated since the probable failures and associated modes will be known. 

The problem of astronaut capability has been discussed to some extent 
in a prior section, but since the impediment imposed by zero g and the spacc 
suit must be considered in estimating requirements and sising systems, a 
reiteration is in order. It i s  known that the human operator executing a 
self-paced task normally limits his energy expenditure rate to between I 

800 and 1300 Btu/hr thus preventing his going into a state of oxygen debt. 
Because, in some cases,  he must offset the restraining effects of a pres-  

- 

surized space suit and/or provide bracing for work, a limited amount of 
energy may be available for conversion to useful work. Work schedules and 
downtimes must be analyzed in light of these constraints. 

3.2.  5 EVA Constraints 

Man's capabilities unaided under EVA conditions a r e  lgkm to be. 



he has very l imited capabirity to per form useful work. The work he can  
perform is therefore directly proportional to  the capabilities of h is  
restraining o r  stabilization aids.  If he m u s t  apply 10 pounds of force  in 
translation to  work a latch, his Astronaut Maneuver-ing Unit (AMU) must '  
possess  at l eas t  that capability o r  a restraining system m u s t  be supplied 
which is capable of equalizing the vector.  If he is forced to  brace  himself,  
the energy requirement  i s  doubled and his useful work output capability 
halved. - 

S&ID has  been studying the EVA control/stabili ty problem for  the 
pas t  two years .  The maintenance requirements  vs .  capabilities of the 
astronaut  in f r ee  space was found to  leave much to be desired.  It was 
found that the bes t  approach to the stabilization problem is to use a 
momentum exchange type attitude control sys  tem in the Extravehicular 
Maneuvering Unit, thereby providing constant stability with the lowest 
possible fuel expenditure fo r  stabilization. Such sys tems provide the 
stabilization torques by the momentum exchange principle ra ther  than 
reaction control jets. These momentum exchange devices (reaction wheels, 
control moment gyros)  have finite momentum capacity and therefore will 
provide the stabilization torque for  a l imited t ime only unless the d is turb-  
ance torques a r e  cyclic. S&ID has built and tested an astronaut maneuvering 
unit based on a unique version of momentum exchange type attitude control. 
The control system used in this unit uses  the dual purpose gyro sys tem 
which is  based on an unusual combination of s ix  control moment gyros.  
The approach offers a multitude of advantages over other more  conventional 
control sys tems of this type and will be used a s  a reference during the study 
for determining man's EVA capabilities and working constraints.  

3 . 2 . 6  Other Constraints 

A few other constraints appear worth considering a t  this t ime,  a l l  of 
which a r e  the r e su l t  of having to perform maintenance. These include the 
need for  accurate  performance monitoring ( P M )  equipment which will p ro-  

1 vide timely warning of impending problems. The P M  must  be able to signal 
I the astronaut  of a failure and isolate i t  in t ime for  him to meet  the MTC. 

In addition, tools and accessibil i ty must  be considered to facilitate the 
planned repa i r s .  Note that a l l  these requirements  can be geared to  the 
established spa res  level and contribute to  that level of crew safety. 



4.0 MAINTAINABILITY VERJFFATION - 

4.1. THE APPROACH 

Given that the inclusion of a maintenance concept i s  the most effective' 
and safe approach for the longer A E S  and planetary k i ss ions ,  i t  then i s  
desirable to verify that maintenance can actually be performed on the 
particular spacecraft (Apollo Block 11). Two levels of investigation seem 
pertinent; f i r s t  a determination of what can be accomplished without change 

4 
i; 

and then what minimum changes a r e  required to assure maintenance of 
critical functions within the given time constraint. 'E 

L 

To establish the potential feasibility of in-flight maintenance of Block . I .= 

Apollo and the subsequent ability to extend mission life by this means, T 
.I .' several maintenance examples were selected on a random basis to be -.$ 

presented. The selection of examples was dependent on available photo- 
graphs, data and/or mockups for maintenance task analysis. As a result,  1 4 4 
the selected examples represent a wide range of accessibility problems and - 

,2 
associated task times. Therefore, the probability of performing mainte - 
nance within the stipulated downtime constraints i s  not necee sarily repre  - ! 
sentative of the true capability for the Block I1 design and certainly not 
representative of what could be accomplished by even minor repackaging 
for  maintainability. 

4 .2  SAMPLE TASKS 

The sample tasks selected represent a c ross  section of potential 
tasks, selected from both electronic and electromechanical systems. 
Table 2 presents the inflight maintenance analysis of four potential tasks. 
Figures 11 through 14 present photographic evidence of the f i rs t  three 
components. No photos were available of the fourth component, 
which is  expected to be a weak link.  able .3 presents the isolation and 
task time analysis of these examples. Note that in three of the four ca  
investigated the tasks could easily be performed within an hour, which i s  
knowntobelessthantheexpecteddowntimeconstraint. Again, these I 
require no change to the present Block I1 configuration, Further,  Task 4 I i s  expected to be one of the most necessary tasks. 

a In addition to these presented, there a r e  many other functions W 
!stimated to be maintainable in their present state; for example, the 

- 4 GLN temperature control system or the portable life support system. 5 
- = 

i- - 

k& These and other a r ea s  will be investigated in the order of their potential a, 

Em-- - effect on the probability of mission success. -3- Z 
- w  ., - - 

@ i k . Y - .  - - - 
%:;L-- - & ' - 



Table 2. Inflight Maintenance Analysis 
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Figure 11. Power P rogrammer  Control Panel,  In Place 

rnmer- Control Panel, R -. I I 



Figure  13. Waste Management Blower, In P lace  W i t h  
A c c e s s  Panels Removed 



F i g u r e  14. Cabin A i r  Contr  01 P a n e l ,  Showing Temperature 
Cont ro l  A s s e m b l y  ( C e n t e r )  4 
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N O R T H  A M E R r C A h  AVIATION.  I N C .  ' w-- 

5.0 STATEh4ENT OF WORK 

5.1 OBJEGTIVES AND SCOPE 

The study i s  proposed to determine the in-flight maintenan%e provi- 
sions necessary to assure a t  least  the required functional availability and 
thereby extend the useful life of the Apollo spacecraft to missions of up to 
one year in length. The point in the potential mission duration spectrum 
will be determined where a maintenance concept provides a more effective 
and safer  'means of assuring mission success and/or crew survival than a 
pure reliability approach. The study will be based on the Apollo Block I1 
configuration and will identify the specific failure hazards a s  well as the 
most effective means of compensating for them under the various study 
phase constraints. 

The study is to be conducted, a s  shown in the logic of Figure 15, in 
three phases to coincide with the expected need and constraints. The 
Phase I effort will be limited to consideration of maintenance and provision 
of spares without alterations to the Block I1 Apollo design, Phase I1 will 
consider the introduction of minor changes to assure accessability to critical 
i tems, and Phase 111 will consider the complete repackaging needs imposed 
by up to one-year missions and acceptable crew survival goals. 

This proposal covers Phase I effort only, although much of the data 
developed will be required for and directly applicable to the remaining 

I 
I 

5.2 STUDY GUIDELINES L 
All phases of the analysis will be conducted so a s  to logically separate , 

the resulting changes and supporting requirements into 30-day increments - as  a function of mission duration and objectives. A maximlim baseline 
mission duration of 3, 6 ,  and 12 months for Phases I, XI, and III respectively, 

ed a$ design goals. The analysis will be limited to the basic 
vehicle and life support systems to the exclusion of any purely scientific 

Fundamental to the analysis i s  the study of crew capabilities to 
e prescribed maintenance tasks in the constrained enviaonm 
, S&ID proposes a limited ergonomic analysis, 



capabilities to accomplish the proposed tasks,  A mare  comprehensive 
study, with some tes ts ,  i s  proposed for the Phase III effort. 

. . 
The Apollo and A E S  mission success and crew safety requirements 

will be considered applicable goals for this analysis. However, rnis sion 
success will be predicated on a definition for success which does not consider 
use of expendables or backup modes (either manual or  automatic) a s  a 
causative for abort, except where an additional failure would endanger the 
crew or preclude abort. Failure therefore i's defined a s  that situation where 
abort must be initiated immediately due to a malfunction for which there i s  
no backup mode, no spare ,  or is nonrepairable within the time constraint. 

A requirement for  astronaut extravehicular activity (EVA) will not 
be considered a limiting factor during any of the three phases proposed, 
provided the tasks a r e  expected to be within the astronauts' capability. 

For purposes of the analysis, the missions will be assumed to be 
time extensions of the presently programmed AES missions, i. e. , earth 
and/or lunar orbit. Further, a maximum 90-minute emergency abort 
profile will be assumed for the earth-orbital flights, and three days or 
7 2  hours for the lunar orbit missions. 

5.3 SUMMARY OF THE PROPOSED PROGRAM PHASE TASKS 

Phase I - Analysis of Apollo Block I1 CSM (Phase I)  - No design 
changes . 

Analyze the existing Apollo a s  represented by the Phase I, Block I1 
configuration in the manner set  forth in the appendix, but within the con- 
straints imposed by the existing design. The results will define what can 
be accomplished to improve the mission reliability for extended missions 
of up to three months in duration in 30-day increments. Emphasis will be 
placed on in-flight maintenance (internal and external), establishing what I 
may be required and what can be accomplished within the ergometric 
limits of the crew and without change to the spacecraft configuration. The 
tools, spare parts ,  performance monitoring, and diagnostic equipment 
requirements will be determined, a s  well a s  the resulting improvement in 
mission success and crew safety to be achieved by implementing each 
recommendation. i 

Phase I1 - Continuance of Analysis (CSM Phase I, Block 11) - Limited 
design changes considered. 

Extend the requirements analysis of Phase I to missions of up to 
in the appendix, expressing the 
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resulting requirements  in t e r m s  of 30-day increments .  F r o m  the requi re-  
ments analysis,  determine the most  effective compensating action (design, 

. . operation, and/or  maintenance) which can be accomplished within the . 

constraints  imposed by main ta inhg the present  s t ruc tura l  integrity and 
component~packaging represented by the Apollo Phase I, Block I1 CSM. 
The proposed modifications and s p a r e s  will be limited to those essent ial  
to a s s u r e  crew safety and mission success .  Specific examples of possible 
changes a r e  f a s t ene r s ,  connections, sea ls ,  a c c e s s  panels, plumbing, and 
minor  changes i n g a r t  o r  component placement. No.changes in the s t ruc tura l  
members ,  their  placement, o r  component design will be considered. 

Phase  I11 - Optimized Design Analysis (CSM Phase  11). 

Extend the requirements  analysis of Phases  I and U. to include miss ions  
of up t o  one-year duration, using the method outlined in the appendix and 
expressing the resulting requirements  in t e r m s  of 30-day increments .  
The analysis will establish the modifications and spa res  necessary  to 
produce the most  effective r e su l t s  in t e r m s  of mission success  (vehicle 
sys t ems)  and crew safety. Liberal use of in-flight maintenance will be 
planned within the constraints imposed by known ergonomic l imits and 
support capabilities, 

Repackaging and relocation of cr i t ical  functions and subassemblies  
will be recommended as requi red  for  accessibil i ty within the constraints 
imposed by maintaining the subsystem integrity and minimizing r e t e s t  
requirements .  Minimum redesign will be recommended for those a r e a s  
not amenable to maintenance, o r  where effectiveness can be improved by 
an  al ternate  approach; major  s t ruc tura l  changes will be avoided. 

5.4 DETAILED TASK DESCRIPTIONS, PHASE I 

The Phase  I e f for t  will be conducted a s  depicted in Figure 16, where 
the c i r c l e s  r ep resen t  tasks to be accomplished under the study, while the 
blocks represent  data already available a t  S&ID. The specific task 
descriptions a r e  a s  follows: 

1. Weak Link Analysis - Using the la test  Apollo I1 reliability 
es t imates ,  a l i s t  of probable failures will be derived and l is ted 
in o rde r  of .relative expectancy to the extent necessa ry  to a s s u r e  
achievement of the model mission objectives with a t  leas t  a 
0. 95 probability. 

2. Maintainability Analysis - Using the Apollo Block I1 configuration 
data in the form of photos, drawings,  mockups, and available 
spacecraft ,  a maintainability analysis  will be conducted to  

- - - - -  - - -  - - 
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determine which i tems can be repa i red  and the associated 
problems.  Photos will be taken and a l l  available techniques 
will be explored. . 

3 .  Maintenance Task  Analysis - Each problem isolated in  Task 1 
will be evaluated a s  to the maintenance requirement.  A step-  
by-step task analysis will be per formed and prepared in 
ma t r ix  f o r m  expressing the actions necessary  to offset the 
problem through applka t ion  of a maintenance routine . 

4. Ergonomic Analysis - An analysis of the task requirements  
established in Task 3 will be accomplished to  determine the 
requirements  imposed on the astronaut.  These will be com- 
pared  with his expected ability to  cope with them under the 
conditions expected to  prevai l  a s  a r e su l t  of the projected 
problem. Data established a t  S&ID through in-house studies 
will provide a major  contribution to this task. 

5. System Effectiveness Analysis - The data from the foregoing 
tasks will be analyzed to determine the mos t  effective means 
of maximizing the mission success / c rew safety est imate within 
the established constraints  on spacecraf t  changes and astronaut 
capability. F o r  each potential action capable of offsetting the 
problem, an a s s e s  sment of the resulting reliability increase 
will be made and presented in ma t r ix  f o r m  (where more  than 
one option is possible). 

6 .  Spares  Selection - F r o m  Task 5, a l i s t  of required spa res ,  
associated weight, and volume will be derived and l is ted in o rde r  
of their  relative contribution to mission success l c rew survival. 
Justification will be provided on the bas is  of the contribution 
to the mission objectives and life expectancy. 

7. Tools and Tes t  Equipment Selection - F r o m  Task 5, a l is t  of 
tools and supporting t e s t  equipment will be derived. These 
will be l imited to only those justified on the basis of need to 
support maintenance of an identified failure potential. 

8. Concept Synthesis, Reports,  and Briefings - As a resu l t  of the 
total Phase  I effort ,  a mission concept will be synthesized, 
expressing the effects and influences on mission objectives 
and life brought about by the proposed svs temlmiss ion  
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A final r epor t  and briefing will be prepared  reflecting these 
resu l t s  by the end of the fourth month, an  additional 15 days 
each will be provided fd r  NASA/MSC review and contractor 
submittal  of the corrected report .  

9. Pro jec t  Engineering/Management - Provide technical and 
administrative directiqn fo r  the study. This will include 
liaison with the customer,  review and approval of repor ts  
and briefing mater ia l  a s  well as integration and p rogress  
monitoring of the study tasks.  A single point of contact 
fo r  a l l  aspec ts  of the study will be provided. 

5.5 PROGRAM SCHEDULE 

The principal activit ies in t e r m s  of tasks and associated milestones 
a r e  descr ibed in Figure 17. The Phase I effort  is projected for  a four-  
month duration with a draf t  of the final r epor t  to  be submitted for  review 
on 25 June 1966. This  a s sumes  that a go-ahead of 1 March 1966 is 
approved. One additional month has  been allowed for preparation of the 
final r epor t  and presentation of a final briefing at the customer 's  facility. 
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NORTH AMERICAN AVIATION3 INC. 

The- corporate structure of North American Aviation (NAA), Inc. , con- 
sists  of seven operating divisions under the direction of the General Office. 
NAA provides outstanding management ability in the research, development, 
design, production, and testing of complete systems for military and civilian 
applications. Policy guidance in  functional areas  i s  provided by corporate 
vice presidents who a r e  responsible for the application of, and divisional 
conformance with, these policies. Each of the operating divisions i s  
responsible for specific a reas  of technological development, 

Advanced research, design, and development of programs similar to 
the proposed study a re  the responsibility of the Space and Information 
Systems Division, 

SPACE AND INFORMATION SYSTEMS DIVISION 

The proposed project will be conducted by the Research and Engi- 
neering Division of NAAt e Space and Information Systems Division ( S M D )  
located at Downey, California. Under the direction of H,A, Storms, , 

President, S&ID continues to make significant contributions to the nation's 
space and lunar programs, The division i s  concerned with the research and 
development, manufacture, and launch of supersonic and transonic vehicles, 
including manned and unmanned spacecraft and launch and reentry vehicles. 

The management and operating philosophy of S&ID i s  reflected in the 
functional staff organidation chart (Figure 18), which shows the relationship 

I among the technical, operational, and major program divisions and the 
, proposed project organization. S&ID i s  project-oriented, designed to place 

emphasis on, and provide capability for,  conducting a large number of 
research, development, and production activities. As indicated, the 
performance responsibility for this program is vested in the Systems 
Engineering ~ a n a ~ e m e n t  Department of the Research and Engineering 

I 

- - - 
ure  19) has been structured to define 

a 
4, - -7.- 

A 
ction and assignment of -R,,B, t2.a eater  

c? engineer was based 04 a dsmonstratb record of successful 
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technical/management performance on research and development studies 
related to operations analysis, Mr. Carpenter will be responsible for 
.accomplishing the technical objectives of the statement of work within stated 
cost and schedule limitations. This responsibility i s  exercised through the 
explicit aithority of the project engineer to direct, redirect, approve, o r  
reject all  generated data and budgetary and schedule alignments. He i s  the 
contact with company executive management and with the customer. 

Analysis who will be dpprised of technical and management program statut 
He will arrange for  interdepartment support and approve the project 
engineer's technical approach to the study. He will delegate necessary 
authority to the project engineer and assure intra-department support. 

1 Mr. Carpenter will report to Mr. M. R. Kinsler, Manager of Operations .- 

A 
Reporting to the project engineer a r e  E. L. Peterson. R. F. W a d s w n r t h  

analysis, and ergonomics studies, respectively. In addition to his project 
engineer responsibilities, Mr.  Carpenter will be responsible for the conduc 
of the systems effectiveness aspects of the program. 4 

AVAILABILITY CONCEPT 
EXTENSIONS STUDIES 

PROJECT ENGINEER 
R .  8. Carpenter, Jr. 

Figure 19. Project Organization Chart 

w Ra- 



Maintainability Analysis (E. L. Peter  son) 

'Evaluate the maintainability of the 'Block 11 spacecraft relevant to the 
. 

specific actions developed a s  potential weak links to AES, Develop the 
maintenance task analysis for each recommended action. Assist in tool and 
tes t  equipment selection a s  required. 

Provide the reliability/weak link assessment capabilities. Supply the 
reliability assessments of the AES configuration and the expected results of 
each proposed maintenance action and spare recommended. 

System Effectivenes s Analysis and Project Engineer (R. B. Carpenter) 

Perform the availability (dependability) reqkrernents analysis of the 
Apollo Block I1 subsystems. Establish component criticality, optimum method 
of compensation, recommended maintenance actions, operational constraints, 
allowable downtime, expected missions life, monitoring, and diagnostic 
requirements. Assure feasibility of maintenance action proposed; 
recommend the most effective alternatives for mission success assurance. 

Ergonomics - Human Factors - (Dr. I. Streimer) 

Provide, on a consultant basi-s, psychological and physiological 
constraints, effects, and influences based on present technology to establish 
preliminary maintainability design criteria.  Assist in evaluating task 
requirements. Provide consultation on manf s capabilities, constraints on 
the maintainability concepts, and restraint requirements. 

Apollo Support (Personnel a s  Required) 

Provide data and consultant service on Apollo Block II and AES in the 
a reas  of design, reliability, maintenance capability, operational require- 
ments, and system/ component life. 

Program Management (M. R. Kinsler, 100-Percent Indirect) 

Provide program direction, milestone review, technical consultation 
and review, and budget monitoring at no cost to the contract. 



PERSONNEL 

The successful completion of any project i s  dependent on the personnel 
assigned. Those selected to participate on the proposed project a r e  well 
qualified in their respective fields and together comprise a highly efficient 
organization, The biographical data presented in the following paragraphs 
briefly describe the current  responsibilities and the technical, scientific, 
and educational background of S&ID personnel planned for participation in the 
proposed project. 

M, R. KINSLER, Manager, Operations Analysis, Systems Engineering 

Mr. Kinsler will be responsible for the program management of the 'I 
study. His experience includes more than 17 years in the aerospace indus 
try. Since jointing Operations Analysis a s  Manager, he has been responsible 
for directing the efforts of highly technical personnel engaged in research 
and development of a wide variety of DOD and NASA contracts, proposals, 
and company research and development programs, These programs 
include mission and operations requirements analysis for EVA, lunar 
exploration, rescue missions, lunar mapping, and sophisticated defensive 
systems. Pr ior  to this position, he was Manager of the Apollo Environ 
mental Control System Group, responsible for the analysis, design, an  

perature control, environmental control, and propellant pressurization 

i 
testing of nuclear radiation protection, structure and equipment temperature 
control systems, and the thermal and atmospheric control system. He spent 
three years with the NACA a t  the Lewis Laboratory a s  a research scientist. 
Subsequently, he worked two years at  Brooklyn Polytechnic Institute a s  a 
research associate while studying applied mechanics. Mr. Kinsler started 
with NAA's Los Angeles Division where he was responsible for X-15 te 

systems analyses and test  functions. Accomplishments included space Im 
vehicle preliminary design projects, such a s  Mercury, Space Stations, Space 
Logistics Transport,  ~ p a - . ~ o a r ,  Advanced X- 15, Lunar Soft Landing Vehicle 
and Aerospaceplane. He also conducted analyses of atomic weapon delivery, 
IR detection of ICBM's and decoys, reaction kinetics of autoignition, ablation, 
and others. 

Mr.  Kinsler holds a BSME from the City College at New York and a L 

in aerodynamics and thermodynamics. In addition, he has for the past 



-- R. B. CARPENTER, JR., Senior Technical Specialist, Operations Analysis, 
w I 

, Systems Engineering Management 

' L - - Mr. Carpenter wilJ be responsible for requirements analysis. His 
experience includes more than 2 2  years in electronics in the aerospace 
industry. Since joining the Operations Analysis p o L p  a t  S&ID, he has been 
responsible for systems effectiveness analysis work, conducting studies in 
extended space operations requirements analysis and the establishment of 
associated effectiveness design criteria.  He developed and successfully 
applied a specialized form of effectiveness analysis which resulted 
in demonstrating the feasibility of extended manned space missions - 
by optimized maintenance and controlled operational procedures. The 
concept provides fo r  maximizing the benefits available from both man, 
machine, and the man-machine interface resulting in maximized effective- 
ness. Three papers have been requested for presentation on various facets 
of the approach. Some specific programs involve Apollo extended missions, 
manned Mars /Venus flyby, and lunar exploration missions. While in 
military service, he administered and directed the activities of electronics 
and communication system overhaul and modification, a t  the depot level. t 
Subsequently, he acquired six years of experience at  the Air Force 
Research Electronics Laboratory. The work included basic research 
communications and radar systems design, development, and evaluation. 
While with General Electric Company, he accumulated three years in design 
engineering and five years a s  senior engineer and supervisor in Product 
Assurance (now Reliability), conducting engineering evaluation, test, 
redesign, and operational suitability evaluation of radar and communication 
systems. At the Electronics Systems Division, USAF, Bedford, 

m 
Massachusetts, he was Technical Director, Reliability and Maintainability. 
There he e stablis hed and implemented reliability and maintainability pro- w 
grams for major ground electronics systems such a s  SAGE and BMEWS. 
At S D ,  he has been responsible for establishment and execution of the 
reliability and qualification test programs for all systems, equipment, 
and parts  associated with Apollo. For two years, he was responsible for 
reliability study efforts in support of new business activities. He has 
developed a number of advaneed studies, and has evolved and applied new 
concepts of reliability engineering and testing for the manned spacecraft 
Mr. Carpenter studied electrical engineering at  Syracuse and Northeast 
Universities, He i s  presently studying for his Master 's  degree in syste 
engineering a t  West Coast University. In addition, he has taken advanced 
courses in electronics, reliability engineering, and management. 

r. Carperter has published numerous papers on reliability with emphas 
aintainability and availability concepts, including the following .. 



W O R T H  - N M C K I L A N  AVIATION.  I N C .  

1. Effective Design f6r Interplanetary Exploration via the Availability 
Concept, pre sented a t  Twenty- Eighth National Meeting, Ope rations 
Research Society of ,America, Houston, Texas (4 November 1965). 

2 .  Demonstrating Reliability for Long Space ~ i s s i o L s ,  presented a t  
Eleventh National Symposium on Reliability and Quality Control, 
Miami Beach, Florida (12 January 1965). 

3. Reliability for  Manned Interplanetary Travel,  a t  Fourth 
Annual Reliability and Maintainability Conference, AIAA, Los Angeleo, 
California (28 July 1965). 

4. A Reliability Concept for  Long Space Missions, presented a t  F 
Manned Spaceflight Meeting, AIAA, St, Louis, Missouri  
(12 October 1965). 

5. Apollo Reliability by Demonstration o r  Assessment,  presented 
Tenth National Symposium on Reliability and Quality Contr 01, 
Washington, D. C. (29 January 1965). 

6. Demonstrating Reliability, Theory vs  Practice,  E E E  Spring 
Seminar on Reliability Testing (April 1965). 

7. - How Big i s  the Space Flight Maintenance Problem?,  National Gon- 
ference on Space Maintenance and Extravehicular Activity, 
Orlando, Florida (1 966). 

8. Systems Effectiveness Key to the Planets, Third National Space 
Congress, Cocoa Beach, Florida (1 966). 

E. L. PETERSON, Maintainability Admistrator,  Advanced Logistics 

Mr.  Peter  son will be responsible for maintenance system developmen 
on the proposed study. He has held his current  position for  the l a s t  two 
years .  In four years  with NAA, he has derived maintainability concepts for 
proposal activity, developed a maintainability program plan outline for NAS 
contributed to the development of a n  operational readiness prograrh for  
Apollo, and performed resea rch  in the a r e a s  of optimizing training, tech- 
nical data presentation, and maintainability. He is responsible for  the 
definition of maintainability programs within the Apollo, Saturn 23-11, and 
WS- 131B programs,  F r o m  1941 to 1962, Mr. Peterson was in the Air 
Force ,  where he worked through a l l  enlisted grades, three warrant  office 
grades,  and ret i red a s  a major. Fifteen of these years  were  spent ir 
electronics and a i rcraf t  maintenance, and s ix  were  spent in training . During the last three  years  with the Air Force, he was 

Air -For,ceYs. gomd Dog mis.sile training pmgram, ag 



Air Force 's  Commendation Medal for  exce~lence in this effort. 
Mr. Peterson holds a Bachelor of Science degree in  electrical engineering 
from the.univ&sity of Oklahoma, which he earned on a full-time scholarship 
from the ~ i ;  Force .kstitute of Technology. He i s  a member of Eta Kappa 

r 1  
i 

Nu. (national honary electrical engineering society) of the IEEE and the 
d 

professional groups on education, military electronics, and reliability. He 
was guest lecturer  on maintainability a t  the U. S. Army Management Engi- 
neerirrg Training Agency and a t  the University of California at Los Angeles 
(UCLA) ~ n ~ i n e e r i n ~  Extension Division, - 

In the field of maintainability, Mr. Peterson has rec'ently published: 

1. Maintainability Design Requirements for Future Space Systems, 
AIAA/AFLC/AFSC Support for Manned Flight Conference, 
Dayton, Ohio (April 1965). 

I 
2. Operational Readiness - A Decision Making Took for Reliability- 

Maintainability Management, AIAA/ ASME / SAE, and others, 
Fourth Annual R & M Conference, Los Angeles, California 

(July 1965). 

3. Maintainability - Design Requirements Derived from Operational 
Rezdines s Goals, ASQC Product Maintainabilitv Seminar. 
Philadelphia, Pa. (October 1965). 

I R, F. WADSWORTH, Project Engineer, Reliability Advanced Programs 

Mr. Wadsworth has been with S O  for 5 years. He currently 
supervises the Reliability Advanced Programs activity and i s  responsible 
for developing technical reliability material  in support of advanced proposal 
and study activity and providing support for small hardware programs. He 
has participated in the reliability portion of a number of S&ID advanced. 
systems study efforts, Modified Apollo Logistics Vehicle, Extended Mission 
Apollo, Extended Apollo Systems Utilization Study, MORL, Ten- Passenger 
Reusable Orbital Transport, and has provided support to the Apollo 

i Applications Program. Before joining SUD, he was associated,with Douglas 
Aircraft Company from 1959 to 196 1, where he coordinated training require - 
ments for training equipment. During his 20  years in the Navy, he served - w 
in  various administrative and operational positions a t  sea and ashore .  He 

rected the Navy's aviation fuel and lubricants program for two years, 
cluding both the research and service aspects. He served on the NATO 1 
ndardization Committee for Petroleum Products and was a member of the J 

A subcommittee on fuels and lubricants. Before his retirement in 1959. A 
as director of training on the staff of the Chief of Naval Air Technic; 

gz Mr. Wadswoxth holds a Backelor sf Science dieg*~ &&wtrical 
>m the United Stat 1 Asaderny and received h i s - ~ a o t e r  
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of Science degree in aeronautical engineering f rom Massachuset ts  Instttu 
of Technology. He is the coauthor of severa l  technical papers  on 
reliabili ty and quality contyol which have been presented at national 
symposia, . 

Mr. Wadsworth has  writ ten the following papers:  

1. Logistics Tomorrow - Support in Space ,  IAS , Aerospace 
Support and Operations, Orlando, Flor ida (4- 6 December 1961). 

2. Apollo Reliability Control Program,  LAS Reliability Contro 
Payoff, 31st Annual Symposium, New York (21-23 January  1963 

3. Logistics Functions in Engineering Development, IAS Meetin on 
Large  Rockets (October 1962). 

I. STREIMER, Research  Specialist, Life Sciences, Research and 
Engineering 

Dr. S t re imer  will  head the human fac tors  section of the proposed stud 
project. AS a r e s e a r c h  specialist  with %ID since 1963, he has  developed Ir 5 
programs of r e s e a r c h  in the a r e a  of man's  work output capabilities i n  - 
spacesuited and reduced-traction environments, and a lso  has  provided 
inputs of the same  nature to Advanced Systems for  use in  proposals. 

- 
Dr. S t re imer  led in  the development of a low-mass,  six-degree-of-freedom r 

I simulator.  He established a re sea rch  program utilizing the simulator,  i~ 

I 
which various effects of different m a s s  rat ios  and work outputs a r e  being 
investigated. F r o m  1958 to 1963, he was with Boeing Company a s  a 
physiologist-biophysicist, serving successively a s  Chief of Human Factor  
Research ,  Chief of the Biophysics Group, and Chief of Operator Capability 

t ' 
Studies. He developed the Boeing four-degree-of -freedom simulator ,  and - 
directed ergonomic and biomechanical studies which produced data desc r ip t ive  
of man 's  force  - and work-producing capabilities and charac ter i s  t ics  under 
a var iety of conditions. He a lso  developed a medical instrumentation pro  

- I 
' 

gram,  current ly holding three patents on miniaturized medical i n s t r u m e n t r  
' 

1 tion, and conceived, designed, developed, and executed the prel iminary F - 
phases of the target  identification and reconnaissance programs.  At New 
York University, College of Engineering, Research  Division, f rom 19 56 
to 1958, he designed and executed r e s e a r c h  programs in biomechanics of 
prosthetic and orthotic devices. F r o m  1952 to 1956, he was chief c h e m h  
a t  Pathe Laborator ies ,  Inc. Dr. S t re imer  received a Ph. D. in experj  
mental  psychology and biophysics f rom New York University, a Master  of w - - - - Science degree in physiology and physiological psychology f rom the Cit  
College of New York, and a Bachelor of Ar ts  degree in chemistry and :[ 

m s  f r o m  Brooklyn College. . . I - - 
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Dr. Streimer i s  the author of numerous papers in the field of - - 

ergonomics re.search, including the following: 

1. Effects of Variations in Operator Output~har 'ac ter is t ics  on Space 
Logistics, NAA S&ID, SID 64-1425 (July 1964). 

2. "Human Output Char'acteristics During Specific Task Performance 
.@ . . 

w , igReduced T r a c t i o n E n v i r ~ m e n t s , ~ ~   an Factors, pp. 121-126 
(April 1 96 4). 

3. "An Investigation of the Effects of Pressure  Suit Wearing on 
Work Output Characteristics, " Aerospace Medicine (August 1964). 

4. Some Bio-energetic Considerations of Space Flight and Their 
Implications to Systems Designers, ASME WAIHUF (December 
1964). 

5. The Effect of Reduced Gravity and Pressure  Suits Upon Operator 
Capability, Amer. Psych. Assoc. Eng. Div., Los Angeles, 
California ( 6  September 1964). 

6. "Logistics Considerations Derived from Variations in Operator - 
Output Considerations, " Aerospace Medicine, Vol. 35, No. 12, 
pp. 1163-1166 (December 1964). 



Successful completion of the proposed study depends not only on the 
technical skills of the study team members and the managerial capability 
residing in the cgntractor organization, but also on the existence of a 
significant body of technical knowledge gained from previous experience, 
particularly from Apollo. The sufficiency of technical data available to thc 
study team and an indication of S&ID1s competence in pertinent a reas  a r e  
presented in this section. 

As a major systems contractor, S&ID has demonstrated capability in 
the definition and establishment of advanced aerospace systems and infor 
mation systems. This capability has placed S&ID in the forefront of 
industry a s  prime contractor and systems manager of the nation's most 
ambitious manned space program, Project Apollo. The Apollo program 
imposes the most vigorous reliability requirements ever encountered upon 
design and developnient and, conjointly, the requirement to establish 
effective maintainability concepts, procedures, techniques, and equj pment. 

The developmental planning of manned interplanetary missions that 
has occurred a s  a natural outcome of the Apollo program has focused 
increased attention on the need for a concept of maintainability for vehicles 
in space. Failures will occur during extended space travel, and mainte- 
nance i s  becoming essential to mission success and crew safety. Therefore, 
it is necessary to  know the characteristics and specific modes of failure 
well as the constraints of downtime limits, weight allocation for spares, 
maintenance time requirements, tools, and diagnostic and performance 
monitoring requirements. '. 

S&ID has performed extensive research and development work in the6 
d all other pertinent aspects of the maintenance problem through -4 

y programs. The; 
fied and a r e  avail- 

n c c e e s o r i ~ s  
is-ted sf. ail ~~PEP* %:- 

conditions likely to  be 



r encountered in space. The work included an investigation of the use of hand 
tools by man to perform maintenance, assembly, and repair tasks under d 

' weightless o r  near-weightless cond<tions. Within the framework of antic?- 
31 pated manned space missions, tasks requiring tools were identified and tools 

available for the performance of these tasks were evaluated for adequacy in 

cations of conventional tools and development of new tools were made 
subjects of the study. The requirements for  the development of multipurpo 
tools were specified,. as well a s  the development of new techniques for r" 
fabrication, assembly, and construction in space. During the course of the 
space tools study, several  experimental studies were conducted using a i r -  
bearing platforms to simulate the absence of gravity. These studies I 
included investigation of rotary pursuit task performance, torquing task 1 
performance, force application under friction and near -frictionless condi - 
tions, and determination of man's moment of inertia.  

Analytical Maintenance Model (AF 3 3(6 15) - 1 330) 3 
Under contract to the Aeronautical Systems Division, USAF, S&ID has L 

completed a 12 -month research study investigating space system maintenance 
problems. An analytical model was developed that can be used for making 
comparisons in r e  search and development activities aimed at  providing a 
maximum maintenance capability for  space systems. The methodology and 

L, associated computer simulation program used in the development of the 
w model were  derived from company-sponsored research studies. 

The analytical model interrelates the maintenance parameters of a 
I I - space system throughout i t s  useful mission life. The model produces and,  

il lustrates the effects of the interaction of maintenance parameters in the , 
form of output data, presented so that analysis of the data will facilitate the 
development of a maintenance and support system simultaneously with tihe 
development of the hardware system. During the course of the study, a reas  1 that required trade-offs among design, maintainability, reliability, perform- 

and actual costs were determined. 

Although the model simulated a manned orbiting space station of long- 7 - - 
duration mission, the program logic was general in i t s  description of the 
parametric interactions, and i s  applicable to any system configuration. 
particular significance t o  the proposed study, the model includes operational 
parameters for in-mission maintenance a s  well a s  prelaunch, ground- 
#based operations. - - 



'Manned Mars and/or Venus Flyby Vehicle Systems Study (NAS9-3499) 

The primary objective of this study was to determine the feasibility 
of performing early flyby missions to Venus and Mars using hardware being 
developed for other NASA spa'ceflight programs. A secondary objective was 
to establish the extent to which the flyby mission can accomplish scientific 
objectives. The preparation of preliminary conceptual designs, developmena 
schedules, and costs were additional objectives. The applicability of 
current developments to provide the3unctions required on the flyby mission' 
was established. The Apollo level of technology i s  adequate to assure - - - 
development of a reliable and safe spacecraft. A detailed analysis was madc 
of the environmental control (ECS) and life support systems (LSS) for crew 
safety based on maintainability for the long-duration mission. A prelim- 
inary, less-detailed analysis was made of the total spacecraft, The logic 
employed in  designing for maintenance involved analysis of sub system loops 
one assembly at a time. It w a s  determined that successful system operatiog! 
can be achieved through crew repair and maintenance actions. 

The original scope of this effort was extended to include additional 
study to implement maintenance and availability analysis (as part of the 
reliability analysis). The results indicated that a design concept based on 
the availability concept with on-board repair of subsystems can provide a 
workable spacecraft for long-duration manned missions such a s  the Mars 
and Venus flyby within the limits of present technology. 

Study of Subsystems Required for a Mars Mission Module (NAS9-1748) 

The study was conducted to develop information on a manned Mars 
mission module subsystem that can be used by NASA to support and identify 

C 
design cri teria for future space systems. The two-part investigation 
involved a study of subsystem requirements for a Mars mission module an 
an analysis of manned Mars spacecraft configuration and aerodynamic 
braking. During part one, a design study was completed of the module an 
analyses were made of the required subsystems, failure effects, reliabilit 
maintainability, development, and cost. A maintenance concept was 
developed, taking into consideration all  governing factors involved in the 
mission, operational requirements, and the major constraint of time. B 

were investigated. Other considerations involved definition of a mainte 

15 maintenance activities. 
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Project Apollo (NAS9- 150) 

S&ID i s  prime contractor for  Project Ap0110, the leading data source 
for establishing the requirements for manned space systems. !khhroughout 
the Apollo program, reliability and maintainability have been critical 
factors, involving thousands of hours of study, investigation, r e  search, and 
development. Problem a reas  have been inve stigated thoroughly and design 
cri teria have been established. These studies have yielded data that have 

5hensive trainina permitted the formulation and implementation of-comprc -------. - -- ----,-- a 
courses for astronauts, the development of advanced training machines, 
and the establishment of the details of every operation and equipment with 
which they might conceivably be associated in both normal and emergency 
modes. 

The data resulting from these studies and the knowledge and experience 
of this group a r e  available to the program team and should contribute sub- 
stantially to the achievement of program objectives. 

Stabilization System Test Model (AF 33(615) -2616) (For  Astronaut Back 
Pack, e t  al) 

A contract recently was negotiated with the Air Force Aeronautical 
Systems Division for the development and testing of a feasibil: ty demon- 
stration mod extrave hic .r astronaut 

I . on the principle of angular momentum exchange utilizing control-moment 

I. 
gyros. The test model i s  being designed either for astronaut use a s  a back 
pack o r  for use in  unmanned, remotely controlled operations in midspace, 
and will include six contr~l-moment  gyros, associated reaction jets, gas I 
supply, and torque motors for the application of attitude commands. The 

I Lfeasibility of the concept has been proved by experimental and analytical . 
studies a t  S&ID. Further theoretical support has been provided by a I 

zomputer simulation program. The 11 -month contract will culminate jn t h ~  
ielivery and field-testing of a demonstration model- 

I 
COMPANY -SPONSORED STUDIES 

I I 

~ g i n e e  ring 
r Lunar a n  

Study 
ZTE! 

~d Prelimir 
Space Envi 

y Design of 
lments ( P A  - - -  r 

9 The primary purpose of this study was to provide NASA with the 

L u l e c e n s a r y  methodology, performance data, and preliminary design details 
to permit the identification of a one-man propulsion device for use in free-- 

- space and on the lunar surface. Mission requirements and goals were 
I,, defined and methods and equipment for crew training eetablished. A maior 



Earth  Orbital Apol.10 ~ ~ ~ l i c a t i o n s ' ( ~ & D ~  61 12) 

This study determined the operational and configurational character-  
i s t ics  of Apollo spacecraft modified for three distinct mission applicaiions: 
(1) earth-orbiting laboratory, both zero g and partial g; (2) logistics crew 
transfer and resupply; and (3) maintenance and rescue operations. Modifi- . 
cations to current  Apollo spacecraft and systems to accomplish mission 
objectives were defined with special emphasis on definition of new system 
concepts where existing systems were inadequate. Subsystem design 
cri teria and operational procedure were defined for the three vehicle 
configurations where current Apollo information was inadequate. Included 
in the study was consideration of the effects of long-duration orbital storaga, 
extended habitability, long-duration subsystems concepts, and increased 
personnel and payload capabilities on operational requirements, 

* Self -Maneuvering Unit for Orbital Maintenance Worker 

S&ID conducted an extensive independent study project to define orbitaim 
maintenance work requirements and human capabilities to perform under 
weightlessness. Because of the excessive restrictions placed on motor 
tasks by existing pressure suits, the study sought to project data to 
describe a true spacesuit that would provide acceptable freedorn of move- 
ment and comfort over an extended time. One specific objective of the stud 
was to determine the characteristics of an optimum propulsion- stabilization 
unit that would be used in conjunction with the suit or  an encapsulation. A 
complete orbital maintenance analysis was outlined. 

Criteria for Optimizing Maintenance and Supply Resources for Manned 
Space Systems (R&DA 6097) 

The purpose of this study was to determine maintenance and life 
support logistics requirements for any system operating in cislunar space, 
The study included the investigation of requirements for both routine and 
emergency ferrying, maintenance, and supply missions. 

Maintenance Aspects of Extended Space Operations (SID 65 - 1484) 

The company-funded study presents a broad view of in-flight mainte- 
nance in extended space operations. It defines the maintenance functions 
and support requirements insofar a s  current equipment design will allow. 
The importance of an activity in which human performance makes a s i gn i a  

= ~ t  contribution to the life extension of a system i s  indicated. The s t u  
rovides the guidelines that, after being modified to meet specific m i s a  

stems constraints and re$rjigle;merrts, must be considered - - w 
. r - r r  1s.- w . - - - .  . -- rn B 

- _ c  - 



IF Kinestheticallv Controlled Devices for Maneuvering in S ~ a c e  and Low-g 
1 Environments (R&DA 6 176) 

S&ID has been exploring the feasibility of applying kinesthetic control 
to small, one-man propulsion devices. The feasibility of this type of control 
has been demonstrated and tested in two test  beds of one-man maneuvering 
units - one concept suitable for lunar traverse which was demonstrated a t  
one gravity (see Figure 20), and the other concept suitable for extravehicular 
operation which was tested in a zero-g KC-135 aircraft  at Wright-Patterson 
AFB.  







The major portions of work on the proposed program will be per- 
formed at  the S O  complex in Downey, California. This facility consiscs 

FACILITIES AND EQUIPMENT 

of both Government-owned and company-owned buildings, which have k - 

functional and support a reas  capable of providing engineering, manufac - 
turing, administrative, and test  services required in  meeting anticipated 
project objectives. A description of the particular facilities to be used in  
performance of the efforts i ~ - ~ r e s e n t e d  below. 

S D  PACILITLES 

Proj  ect Administration and Engineering 

The Space and Information Systems Division i s  located 16 miles s 
east  of Los Angeles, in Downey, California. The engineering and admi 
istrative offices to be used by the project team a r e  located in an 
S&ID-leased building (Building 305): which i s  the headquarters of the 
management and engineering personnel of SMDrs Research and Engineering 
Division. No additional facilities or  equipment will be required to conduct 
the effort described in  this proposal. 

Computing and Simulation Center 

Digital computer support (IBM 7094) for the proposed project will be 
provided by S&IDt s Engineering Computer Center. The ECC i s  located in 
NAA-owned facilities in  Downey, California. Major items of computer 
equipment include two IBM 7094'13, one 7040, two 7010fs, four 146O1s, one 
1620, nineteen 100 -amplifier analog computers for computation and 
engineering analysis, and a Stromberg-Carlson 4020 CRT plotter. 

project for business data reduction. 

Technical Information Center and Library Facilities 

SUDts Technical Information Center, in  addition to containing more  
than 100,000 documents and periodicals on aerospace topics, has incor- 

automated circulation control system, computer-produced indsxaa 
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APPENDIX I. SAM 
OF AN 

THE SCOPE AND OBJECTIVE 

PLE PROCEDUREFORTHE CONDUCT . 
AVAILABI.LITY ANALYSIS 

This appendix details the step-by-step procedure to be followed in  ~ e -  1 
conduct of an availability analysis of known system design and i ts  associat 
configurations. The approach i s  therefore based on the premise that the 
design i s  essentially complete and that the associated reliabilities a r e  
known o r  can be computed. It i s  applicable to those designs where the 
reliability i s  expected to be marginal o r  low, and where man is available 
and capable (not incapacited) for some form of maintenance and/or contro 
action. 

The intent of the analysis i s  to determine the specific needs in  t e rm 
of failure of the system and the most effective method of meeting it, and 
through a planned response, elevate i ts  potential reliability and/or crew 
safety to a satisfactory level. To accomplish this end, failure must be 
redefined. For  the purposes of this analysis, failure i s  defined a s  an 
unpredicted loss of a given function for which no spare is available, o r  
where the expected time to repair will exceed the downtime constraint 
result in a compromise of the associated objective. 

The apparent r isk of failure (reliability o r  crew safety goal) mus 
to set a t  a safe but reasonable level. For  m q i m u m  effectiveness, 
can be two or  more levels depending on the criticality of the system 
For  purposes of this analysis, and within the vehicle systems res t r i  
only two classes of criticality a re  apparent: those associated with c r e  
survival and those more pertinent to crew convenience. These obvi 
not deserve equal weighting, even from the mission success point of view,, 

. since failure of a crew function may require abort while failure of other 
' 

functions may result in loss  of some data o r  a convenience. 

II -4 T h e o b j e c t i v e o f t h i s a n a l y t i c a l a p p r o a c h i s t o i s o l a t e a n d s p ~ c ~ y  
- 

identify all weak links in a given system function, and, by i m p l e m d n g  the , 

reduci  it  to the preselected l e v e l .  



I THE APPROACH 

The approach to the maintenance requirements determination i s  
dependent on the system reliability mod&i and the relative accuracy of the 
reliability estimates. For that reason, the data should be taken from the 
same source where possible; this reduces or eliminates the effects of 
differences between failure rate tables and the respective collection and 
reduction errors. 

The approach to the problem i s  illustrated in the logic diagram of 
Figure A-1 which is constructed on the assumption that the reliability 
logic and hazard estimates a re  completed a s  i s  the case for the Apollo 
Block 11. Given these data ae a baseline, they can proceed along the lines 
delineated in the referenced logic and detailed in the following steps: 

1 
I 

Step 1. Assess the Reliability or Failure Hazard. 

Using the best reliability and failure-mode data (history and test 
results), the reliability or failure hazard associated with each pertinent 
system, subsystem, component, assembly, and part i s  determined. A 
system or mission success model i s  synthesized in logic form reflecting 
the individual contributions to success and/or crew safety. A failure hazard 
or reliability i s  associated with each block in the logic for each identifiable 
level of as sembly. 1 

Note: The absolute accuracy of the data i s  not so important 
a s  the relative accuracy. Since the intent is  to isolate 
weak links, the relative values a re  most significant. 
In areas where realistic data are  not available, a 
failure mode analysis (FMA) provides a good 
estimator, particularly when any of the failure modes 
can be related to known data. This technique i s  . 
illustrated in Figure A-2, where a method of 

i changing subjective failure mode data into failure 
hazard data i s  illustrated. 

Step 2. Determine Optimum Level for Availability Application 

1 Probably the most important problem to be solved during the analysis 
i s  the establishment of the optimum level of assembly for availability 
corrective action, whether this action be preparation for maintenance - 
operation contr 01, redesign, redundancy, or any combination. Any of 
these actions may be accomplished at the system, the subsystem assembly, 
or part level* Determination od the o p t h u m  level af aa rsembly for avail- 

Wity appiication i s  made on the basis of the c r i t e ~ i a  listpd y n d e ~  ,atsp 
""ustrated in the following. 



LURE 
,NALY 

I WHAT WILL FAIL FIRST 

I CAN I T  BE REPAIRED I 

I REDESIGN I S  REQU IRED I 
+ 

I S  THERE A TIME CONSTRAINT I I 

( - CALCULAlE FUNCTION RELIABILITY I 

I CALCULATE OVERALL RISK I 
I 
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Figure A-3 relates the problem of level selection and the procesb; 
To determine the most appropriate level to improve design deficiency, 
it is necessary t~ determine how failure r isk i s  distributed within an4 . 

among the specific system, functions, assemblies, or  parts. From the 
example, not& that at  the system level only one function displays a low 
reliability or  relatively high risk. At the assembly level, only one 
assembly still contributes most of the failure hazard. However, at  the 
part level, three provide an equal r isk of failure. One spare o r  redun 
assembly which contains all those parts  will eliminate the need for spares 
for  the three parts  and the associated work time, performance monitoring, 
and diagnostic equipment and time. If the spare assembly is small and 
lightweight, easy to diagnose, and easy to replace, the choice i s  an obvious 
one. 

Note: Because of the &ong interface between Step 2 and 
Step 3, several iterations between these steps a r e  
usually required before a discrete and optimum 
solution i s  selected. 

Step 3. Determine the Most Effective Design Action.. -63 
The key to this phase of the analysis i s  determining the most 

effectivelsafe corrective action required to reduce the failure hazard and 
provide a means of offsetting the expected failure event. Each weak link 
must be treated a s  an individual case. Fi rs t ,  the most probable failure 
mode or modes a r e  isolated and the appropriate action subsequently 
determined. Arguments for the selection of the most effective action art%+ 

I 
a Accessibility (can i t  be reached by the astronaut? ) 

a Least number of spares (minimizes spacecraft weight anc 
volume) 

a Least number and complexity of repairs (minimizes crew 
activityand chance for er ror) .  

a Ease of maintenance (minimizes <owntime and ch 

a Least redundancy (minimizes complexity and w 
redw-dancy i s  l e s s  desirable hecause inter 

d 
e ' Simple monitoring and diagnosis (reduces complexity a@ A 

t.lsaintana~lce time) 
I . I 

- 4 

m 
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it i s  obvious that the water-glycol (W -G) loop i s  the weakest link and should 

containing parts  not easily separable, thereby precluding the usefulness of a 
further breakdown. The most effective level of assembly to maximizeb . 
design availability may be found by manual t r ia l  o r  sometimes by computer 
simulation. 

No specific ground rules can be set  for determining the most 
effective action, since each problem must be considered on the basis o$Ws 
most likely failure mode and individual design constraints. In the ECS 
example, three different cases a r e  treated. One weak link was identiffd . 

a s  the space radiator, and the primary failure mode was expected to b41 a 
meteoric puncture. Since repair o r  replacement may be impractical, Bi 
simple system redesign was the better alternative. The total require- 
could be divided into a larger  number of sections, reducing the effect a % 
single puncture in one; overdesign would provide additional total a rea  z#&4 
reliability. As another example, the outlet check valves were not eas* 
accessible, and a redundant valve was a more effective approach since $W 
introduced the least  complexity and redesign activity, As a final exampike,, 
the cabin temperature control was easily accessible and therefore besAf 
spared (refer to Figure 14). These a r e  typical of the type of decision 
process required for each potential failure mode. The process continues; 
The new risk i s  determined after each fix, and the next weak link i s  r - 
resolved until the acceptable r isk level has been reached o r  surpassed. 

analysis i s  very limited. Each decision i s  usually different and discre&>* 
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